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SU(N) symmetry can emerge in a quantum system with N single-particle spin states when spin is 
decoupled from inter-particle interactions. So far, only indirect evidence for this symmetry exists, and the 
scattering parameters remain largely unknown. Here we report the first spectroscopic observation of 
SU(N=10) symmetry in 87Sr using the state-of-the-art measurement precision offered by an ultra-stable 
laser. By encoding the electronic orbital degree of freedom in two clock states, while keeping the system 
open to 10 nuclear spin sublevels, we probe the non-equilibrium two-orbital SU(N) magnetism via Ramsey 
spectroscopy of atoms confined in an array of two-dimensional optical traps. We study the spin-orbital 
quantum dynamics and determine all relevant interaction parameters. This work prepares for using 
alkaline-earth atoms as test-beds for iconic orbital models. 
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 Symmetries play a fundamental role in the laws of 
nature. A very prominent example is SU(N) symmetry as 
the source of intriguing features of quantum systems. For 
instance, the SU(3) symmetry of quantum chromodynamics 
governs the behavior of quarks and gluons. When 
generalized to large N, it is anticipated to give rise to a 
large degeneracy and exotic many-body behaviors. Owing 
to the strong decoupling between the electronic-orbital and 
nuclear-spin degrees of freedom  [1], alkaline-earth (-like) 
atoms, prepared in the two lowest electronic states (clock 
states), are predicted to obey SU(N=2I+1) symmetry with 
respect to the nuclear spin (I)  [2–5]. Thanks to this 
symmetry, in addition to their use as ideal time keepers  [6] 
and quantum information processors  [7], alkaline earth 
atoms are emerging as a unique platform for the 
investigation of high-energy lattice gauge theories  [8], for 
testing iconic orbital models used to describe transition 
metal oxides, heavy fermion compounds, and spin liquid 
phases  [9], and for the observation of exotic topological 
phases  [5,10]. Progress towards these goals includes the 
production of quantum degenerate gases for calcium  [11] 
and all stable isotopes of strontium and ytterbium  [12,13], 
the capability of imaging individual spin components via 
optical Stern-Gerlach methods  [14], and control of 
interactions with optical Feshbach resonances  [12,15,16]. 
Furthermore, the best atomic clock has been produced with 
lattice confined Sr atoms  [6], and many-body spin 
dynamics have been studied directly in that system  [17].  
However, thus far only indirect evidence for SU(N) 
symmetry exists, including inference from suppressed 
nuclear spin-relaxation rates  [14], reduced temperatures in 
a Mott insulator for increased number of spin states  [18], 
and the changing character of a strongly-interacting one-
dimensional fermionic system as a function of N  [19]. 
Furthermore, these observations are limited to the 
electronic ground state. The corresponding ground-state s-
wave scattering parameter, agg, has been determined from 
photo-association  [20] and rovibrational spectroscopy 
 [21], but the excited state-related scattering parameters 
remain unknown.     
In this paper, we report the first spectroscopic 
observation of SU(N) symmetry and two-orbital SU(N) 
magnetism in an ensemble of fermionic 87Sr atoms at μK 
temperatures and confined in an array of two-dimensional 
(2D) disc-shaped, state-insensitive optical traps  [22]. The 
axial (Z) trapping frequency νZ is ~80 kHz and the radial 
(X-Y) frequency νR is ~600 Hz. The SU(N) symmetric spin 
degree of freedom is encoded in the 10 nuclear spin states 
with quantum number mI (Fig. 1A), and  the pseudo-spin ½ 
orbital degree of  freedom  in the two lowest electronic 
  
(clock) states (1S0  and 3P0, henceforth |g and |e).  Under 
typical atomic occupancies (< 20 atoms per disc), 
temperatures (1 μK< TR <7 μK, TZ ~2 μK), and trap 
volume, the mean interaction energy per particle is at least 
two orders of magnitude smaller than the single-particle 
vibrational spacing along any direction. The unprecedented 
spectral resolution available with an ultra-stable laser of 1 × 
10-16 stability  [23] enables us to accurately probe these 
interactions while addressing individual nuclear spin levels.   
To the first order approximation, atoms are frozen in the 
initially populated motional energy modes and the quantum 
dynamics takes place only in the internal degrees of 
freedom (spin and orbital)  [17,24]. Atoms distributed 
among these quantized motional levels are thus analogous 
to atoms localized in real-space lattice trapping potentials. 
Moreover, the s-wave and p-wave (Fig. 1B) interactions, 
which generate the dynamics, couple the atoms without 
being overly sensitive to the motional eigenenergies, thus 
providing nonlocal interactions when viewed within a 
lattice spanned by eigenenergies. This allows us to study 
spin lattice models with effective long-range couplings in a 
non-degenerate Fermi gas (Fig. 1C). Spin models with 
long-range interactions have been implemented in dipolar 
gases  [25] or trapped ionic systems  [26], but our system 
has the additional SU(N) symmetry to enrich the many-
body dynamics. By performing Ramsey spectroscopy with 
various nuclear spin mixtures, we determine the nuclear 
spin independence of the s-wave and p-wave interactions. 
Furthermore, we probe the non-equilibrium dynamics of the 
orbital coherence, and the results are well reproduced by a 
two-orbital SU(N) spin lattice model in quantized motional 
eigenenergy space.  
Interactions between two 87Sr atoms are governed by 
Fermi statistics with an overall antisymmetrization under 
exchange in the motional, electronic, and nuclear spin 
degrees of freedom (Fig. 1B).  Consider a pair of 
interacting atoms (j and k) occupying two of the quantized 
eigenmodes of the trapping potential, nj and nk. If the atoms 
are in a nuclear spin symmetric state they experience s-
wave interactions only if their electronic state is anti-
symmetric: ሺ|݁݃ۧ െ |݃݁ۧሻ/√2. We denote the elastic 
scattering length characterizing those collisions as ܽ௘௚ି. 
They can collide via p-wave interactions in three possible 
electronic symmetric configurations ሼ|݃݃ۧ, |݁݁ۧ, ሺ|݁݃ۧ ൅
|݃݁ۧሻ/√2ሽ, corresponding to the p-wave elastic scattering 
lengths ௚ܾ௚	 , ܾ௘௘	 , ܾ௘௚ା , respectively. In contrast, if the two 
atoms are in an anti-symmetric nuclear spin configuration 
they experience s-wave collisions under these three 
electronic symmetric configurations, with the 
corresponding scattering lengths ܽ௚௚	 , ܽ௘௘	 , ܽ௘௚ା , respectively. 
Accordingly, p-wave interactions occur in ሺ|݁݃ۧ െ
|݃݁ۧሻ/√2, corresponding to the scattering length ܾ௘௚ି. 
These eight parameters characterize elastic collisions at 
ultralow temperatures, and SU(N) symmetry predicts them 
to be independent of the nuclear spin configuration. Here, N 
is chosen by initial state preparation and can vary from 1 to 
10 in 87Sr (I=9/2).  The Hamiltonian that governs these 
interactions can be written in terms of orbital-spin 1/2 
operators ෠ܶ௝௫,௬,௭	 acting on the j-atom’s electronic state, 
{e,g},  and in terms of nuclear-spin permutation operators 
መܵ௡௠(j),  acting on the j-atom’s nuclear spin levels, n, m 
{1,2,… N} as: 
ܪ෡		 ൌ ሺ ෠࣪	ାܪ෡	ା ൅ ෠࣪	ିܪ෡	ି ሻ  ,  (1)  and  
ܪ෡	േ ൌ ܬ௝	,௞േ ሬܶԦ௝ ⋅ ሬܶԦ௞ ൅ ߯௝,௞േ ෠ܶ௝௭ ෠ܶ௞௭ ൅ ܥ௝,௞േ ൬
෠்ೕ೥ା ෠்ೖ೥
ଶ ൰ ൅ ܭ௝,௞േ ॴ෠	.  (2)                      
Here, ॴ෠	 is the identity matrix, ෠࣪	േ ൌ ቂॴ
෠	േ∑ ௌመഁഀ	ഀ,ഁ ሺ௝ሻௌመഀഁሺ௞ሻቃ
ଶ 		are 
nuclear spin projector operators into the symmetric triplets 
(+) and anti-symmetric singlet (-) nuclear spin states, 
respectively. Eq. (1) states that if the nuclear spin of the 
atoms is in (+) or (-), then they interact according to ܪ෡	ା or 
ܪ෡	ି , respectively. The coupling constants ܬ௝	,௞േ , ߯௝,௞േ , ܥ௝,௞േ , ܭ௝,௞േ  
depend on the scattering parameters, a and b, {ee, gg, 
eg+ and eg-}, and the wavefunction overlap of the j and k-
atom’s vibrational modes (See Supplementary Material). 
The Hamiltonian commutes with all the SU(N) generators, መܵ௡௠(j), and is thus invariant under transformations from the 
SU(N) group (i.e., SU(N) symmetric). In addition to elastic 
interactions, 87Sr atoms also exhibit inelastic collisions. 
Among those however, only the e-e ones have been 
observed to give rise to measureable losses  [27]; we denote 
these two inelastic scattering lengths as g௘௘ and ߚ௘௘ for s-
wave and p-wave, respectively. We set other inelastic 
parameters to zero based on their negligible contributions in 
measurements. 
We first test SU(N) symmetry in a two-orbital system by 
measuring the density-dependent frequency shift of the 
clock transition under various nuclear spin population 
distributions. We use a Ramsey sequence to measure 
interactions  [17] under an external magnetic field that 
produces Zeeman splittings much larger than the interaction 
energy. As shown in Fig. 2A, the sequence starts with all 
atoms in |g. Only atoms in a particular nuclear spin state 
are coherently excited and interrogated, while atoms in 
other states (“spectators”) remain in |g. We denote ࣨࣻ୲୭୲ 
the number of interrogated atoms, ࣭ࣨ୲୭୲ the number of 
spectator atoms, and define a population ratio ݂ ൌ
࣭ࣨ୲୭୲/ࣨࣻ୲୭୲ and the interrogated fraction ݔࣻ ൌࣨࣻ୲୭୲/ሺࣨࣻ୲୭୲ ൅ ࣭ࣨ୲୭୲ሻ. We control orbital excitation, pe, by 
varying the initial pulse area, q1, in 0 ൏ ߠଵ ൏ ߨ. After a free 
evolution time, ߬୤୰ୣୣ ൌ 80	ms, a second pulse of area ߨ/2 
is applied for subsequent readout. The resonance frequency 
shift is recorded as the atomic number in the trap is varied. 
We operate with highly homogeneous atom-laser coupling. 
Consequently, the p-wave interaction in a fully spin-
polarized sample is dominant  [17].  
In Fig. 2B, we compare the fully spin-polarized case (mI 
= +9/2) against three other scenarios with different spin 
mixtures under TR=6-7 μK. The observed density shifts as a 
linear function of pe, when scaled to the same number of 
  
interrogated atoms (ࣨࣻ୲୭୲ ൌ4000), show three features: (I) 
the linear slope, l, depends only on ࣨࣻ୲୭୲, (II) the offset 
with respect to the polarized case linearly increases with f, 
and (III) both l and the offset are independent of how the 
atoms are distributed in the nuclear spin levels. The latter is 
verified by measuring the same shifts when interrogating 
29% of the total population in either +9/2 or +7/2.   
To determine the temperature dependence for the density 
shift and for additional confirmation of the observed 
nuclear spin independence, we interrogate other nuclear 
spin states, -9/2 or -3/2, under a lower TR ~2 μK, when the 
distribution across all spin states is nearly even (Fig. 2C). 
The measured density shifts scaled to ࣨࣻ୲୭୲ 	ൌ 4000 are 
again similar to each other, providing further direct 
experimental evidences for SU(N=10) symmetry. At this 
lower TR, while the slope depends only on ࣨࣻ୲୭୲, there is a 
smaller offset of the density shift relative to the polarized 
case when ݔࣻ varies. To quantify the TR dependence, we 
plot together all measured ratios, l/l0, with l0  the linear slope 
for the polarized case. We see that (IV) the ratios collapse 
into a single value independently of f and TR for	ϐixed  
ࣨࣻ୲୭୲, yielding l/l0 = 1.00±0.03 (Fig. 2D).  This result 
agrees well with the SU(N)-predicted ratio of unity and 
verifies this symmetry to the 3% level. We observe that l 
decreases only by 10% when TR is raised from 2 μK to 6 μK, verifying its insensitivity to TR. We also determine the 
excitation fraction where the shift is zero in a spin mixture, 
݌௘∗	,	and compare it to that of a polarized sample, ݌௘଴∗  (gray 
bands, Fig. 2C), under various interrogated spin states 
(colors in Fig. 2E). The difference shows the following 
features: (V) it collapses onto a single line (for a given TR 
of either 2.3 or 6.5 μK) as a function of f, which provides a 
further evidence for spin-independence of the interactions; 
(VI) at ࣭ࣨ୲୭୲ ൌ 0 (fully polarized), the two lines cross each 
other at the origin, as expected from the TR-insensitivity of 
the p-wave interactions. For ݂ ൐ 0, the proportionality 
constant is finite for 6.5 μK (lower line), and decreases to 
almost zero for ܶୖ ~2.3 μK (upper line). This near zero 
proportionality constant for ܶୖ ~2.3 μK indicates an 
accidental cancellation of the spectators’ s- and p-wave 
interaction effects at this temperature.   
In the presence of a large external magnetic field that 
produces differential Zeeman splittings much larger than 
the interaction energy, those terms in the Hamiltonian that 
exchange the population between the occupied spin-orbital 
levels are energetically suppressed and the populations of 
different spin-orbital levels are conserved. Hence, the 
Hamiltonian is dominated by Ising-type interactions that 
preserve the spin-orbital population. In this regime the 
many-body dynamics for a single trap with ࣨ atoms can be 
captured under a collective approximation that replaces the 
coupling constants with their corresponding thermal 
averages,	 ࢔ܱೕ,࢔ೖേ → ܱേതതതത  [24]. For the experimental relevant 
case where only ࣨࣻ		 atoms in spin	݉ூ are interrogated and 
where ࣭ࣨ  atoms in the other spin components remain in 
|g, the effective many-body Hamiltonian during ߬୤୰ୣୣ 
simplifies substantially. It consists of two parts, ܪ෡	ࣻ ൅ ܪ෡	࣭ . 
The first part, ܪ෡	ࣻ ൌ ߯	ାതതതതሺॻ෡	௭ሻଶ ൅ ܥ	ାതതതതॻ෡	௭ࣨࣻ		,	describes the p-
wave interactions between the interrogated atoms  [17,24], 
where ॻ෡	ఈୀ௫,௬,௭ ൌ ∑ መܵ௠಺௠಺ሺ݆ሻ ෠ܶ௝ఈୀ௫,௬,௭௝ࣨ  are collective orbital 
operators acting on the ࣨࣻ	interrogated atoms. The density 
shift induced by these interactions, Δߥࣻ 	ൌ ࣨࣻ		൫ܥାതതതത െ
cos ߠଵ 		߯ାതതതതሻ, with ߯ାതതതത ൌ ሾ௕೐೐
	 యା௕೒೒	 	యିଶ௕೐೒శ 	యሿ
ଶ 〈ܲ〉்ೃ	 and   
ܥାതതതത ൌ ሾ௕೐೐	 	యି௕೒೒	 	యሿଶ 〈ܲ〉்ೃ, depends linearly on the number of 
excited atoms ࣨࣻ 	݌௘. Here  〈ܲ〉்ೃ corresponds to the 
thermal average of the p-wave mode overlap coefficients. 
Assuming a Boltzmann distribution of initially populated 
radial motional modes, we have 〈ܲ〉்ೃ ∝ ሺ ோܶሻ଴ (insensitive 
to TR)  [17]. For a spin polarized sample, the observed 
density shifts are well reproduced by theory (solid black 
lines in Figs. 2C) based on the same p-wave parameters as 
determined in Ref. 17. The second part, ܪ෡	࣭ ൌ ࣭ࣨ	Λഥॻ෡	௭, 
describes the interactions between the interrogated and 
spectator atoms with both p- and s-wave contributions. The 
related density shift is		Δߥ࣭ ൌ Λ		ഥ࣭ࣨ	, with 
 Λഥ ൌ ஼	శതതതതା஼	షതതതതି௃	శതതതതି௃	షതതതതିఞ	శതതതതିఞ	షതതതതଶ ൌ
൫௔೐೒శ ା௔೐೒ష ିଶ௔೒೒	 ൯
ସ 〈ܵ〉்ೃ ൅	 
ሾ௕೐೒శ 	యା௕೐೒ష 	యିଶ	௕೒೒	 	యሿ
ସ 〈ܲ〉்ೃ. The s-wave thermal average, 
〈ܵ〉்ೃ	,		decreases with TR as 〈ܵ〉்ೃ ∝ ଵ்ೃ.  
This model fully reproduces the experimental 
observations as listed in (I-VI) and shown in Fig. 2. To 
quantitatively compare with the experiment, we perform a 
Poissonian average of the atom number across the 2D traps 
and use the average excitation fraction to account for the 
two-body e-e losses  [17,27] during the free evolution. The 
capability of the SU(N) spin lattice model to reproduce the 
experimental observations also enables us to determine the 
remaining s- and p-wave scattering parameters. For each of 
the four channels, {ee, gg, eg+ and eg-}, the s-wave and 
p-wave parameters relate to each other through the 
characteristic length, ā, of the van der Waals potential 
 [28]. Thus, after we determine ā using the available van 
der Waals C6 coefficients (see Supplementary Materials), 
only four elastic scattering parameters remain independent. 
Among those, ܽ௚௚	 , ܾ௘௘	 , ܾ௘௚ା  (and thus their respective p- or 
s-wave counterparts) are known  [17], leaving only one 
unknown parameter associated with the eg- channel. We fit 
the data in Fig. 2E and extract ܽ௘௚ି and ܾ௘௚ି.  Table 1 lists all 
the scattering parameters determined from the prior and 
current measurements. We emphasize that the test of SU(N) 
symmetry (at the 3% level) is based directly on the 
measured interactions that are independent of nuclear spin 
configurations, and it does not require accurate knowledge 
of some common-mode system calibrations.      
To reveal the SU(N) orbital magnetism in our system we 
need to perform coherent dynamic spectroscopy. Ramsey 
spectroscopy is particularly suitable for this goal, as the 
  
atomic evolution during the field-free period gives rise to 
variable e-g orbital coherence. We measure the decay of the 
e-g coherence, in the form of Ramsey fringe contrast 
ࣝሺ߬୤୰ୣୣሻ ൌ 2/ࣨࣻ୲୭୲ට〈ॻ෡୲୭୲௫ 〉ଶ ൅ 〈ॻ෡୲୭୲௬ 〉ଶ as a function of 
߬୤୰ୣୣ, under various population distributions among nuclear 
spin states (Fig. 3A).  Here ॻ෡୲୭୲௫,௬ is the sum of ॻ෡	௫,௬ over the 
2D traps. In the presence of a large magnetic field, the 
decay of ࣝ has two sources. The first arises from within the 
interrogated atoms: p-wave elastic interactions, two-body e-
e losses, higher-order interaction-induced mode-changing 
processes, as well as dephasing induced by the distribution 
of atoms across traps. All these p-wave effects are 
accounted for in our theory using the same p-wave 
parameters  [17]. The second source comes from spectators, 
which act on the interrogated atoms at a given site as an 
inhomogeneous and density-dependent effective magnetic 
field along z, with both s-and p-wave contributions. The 
effective magnetic field is static if the atoms are frozen in 
their motional states, but can vary with time in the presence 
of higher-order mode-changing processes. The p-wave 
interaction plays a dominant role at high TR = 5-6 μK, while 
the s-wave interaction, which has a stronger dependence on 
mode distribution, becomes significant at lower TR.  
To understand the orbital dynamics in detail, we first 
study three different cases under TR = 5-6 μK, with q1= π/4 
and the interrogated fraction ݔࣻ ൌ 100%, 14%, and 56%, as 
displayed in Figs. 3B, C, E. To separate the effects of 
dephasing and many-body correlation in the contrast decay, 
we apply a ߨ echo pulse in the middle of the Ramsey 
sequence (Fig. 3A, lower panel). At the end of the 
sequence, the dephasing caused by the interactions between 
interrogated and spectator atoms and other technical effects 
is removed by the echo. The ߨ echo pulse modifies the 
contrast decay in a ߠଵ-dependent way, because the p-wave 
contribution to contrast decay contains both ߠଵ-dependent 
and -independent terms, as well as enhanced e-e loss after 
the echo pulse for ߠଵ ൏ ߨ/2. The q1-dependent contribution 
is generated by the term ߯	ାതതതതሺॻ෡	௭ሻଶ in the Hamiltonian, and 
can lead to many body orbital correlations that are 
unremovable by echo. The q1-independent contribution is 
generated by the term ܥ	ାതതതതॻ෡	௭ࣨࣻ	, and can be removed by a π 
echo. 
As shown in Fig. 3B, in a polarized sample and under 
q1=π/4, the Ramsey contrast decays more slowly with an 
echo pulse. This positive echo effect can be attributed to the 
suppressed dephasing from inhomogeneous atomic 
densities across different 2D traps (q1-independent 
contribution) and to the faster number loss (note the 
number normalization in ࣝ) with echo. Figures 3C and 3E 
show similar positive effect of an echo pulse in the 
presence of spectator atoms. Since p-wave interactions 
between interrogated atoms are reduced as the interrogated 
fraction decreases, the overall contrast decay becomes 
slower. Based on the determined scattering parameters, our 
model predicts that spectator atoms cause almost negligible 
decoherence effects at this high TR = 5-6 μK (see 
Supplementary Material).   
In a polarized sample where p-wave interactions 
dominate, the contrast decay is expected to be insensitive to 
TR. This is confirmed in Fig. 3D where measurements at TR 
= 2.6 μK show similar decay behaviors to those at 5.4 μK 
(Fig. 3B). Figure 3F plots the ratio of contrasts with and 
without echo and illustrates the positive echo effect in 
suppressing contrast decay in a fully polarized sample 
under ߠଵ ൌ ߨ/4, as well as the negative effect under ߠଵ = 3ߨ/4 when the echo enhances contrast decay. The negative 
echo effect can be attributed to both the development of 
many-body orbital correlations under ߠଵ = 3ߨ/4  [17] and 
the reduced e-e loss after the echo, and is well reproduced 
by our spin lattice model. 
When we lower TR to ~2 μK, the rise of the s-wave 
contribution causes significant decoherence effects due to 
the spectator atoms. Figure 4A illustrates the ݔࣻ ൌ 14% 
minority case where contrast decay is clearly faster than in 
Fig. 3C, showing the influence of spectators. The inclusion 
of off-resonant mode-changing collisions as higher order 
corrections is now required to accurately reproduce the 
experimental observations (see Supplementary Materials). 
These mode-changing collisions can be visualized as 
relocating pairs of atoms in the energy-space lattice shown 
in Fig. 1C, analogous to interaction-induced tunneling 
processes in a real space lattice. The echo pulse suppresses 
the part of contrast decay arising from mode-preserving 
collisions between spectators and interrogated atoms, but it 
cannot reverse the decay due to mode-changing processes. 
In Fig. 4A, the measured contrast decay with echo enables 
us to determine a single parameter characterizing the mode-
changing processes (see Supplementary Materials).  
For a further and independent test of our model, we 
explore another case with ݔࣻ ൌ	56% and TR ~2 μK, so that 
both the interrogated atoms and spectator atoms have 
important contributions to the contrast decay. As shown in 
Figs. 4B, D, the data are well described by the same theory 
model without varying any parameters, demonstrating a 
firm understanding of the system dynamics.  
The experimental exploration of exotic SU(N) physics is 
just starting. The unique capability of precision laser 
spectroscopy has so far allowed us to explore Ising orbital 
magnetism at relatively high temperatures. We expect to 
explore the full Hamiltonian including the exchange 
interactions by controlling the atomic density, temperature 
and the magnetic field to engineer various spin-spin and 
spin-orbital dynamics. This will allow us to push the 
frontier of emergent many-body quantum physics at 
increasingly high temperatures, as well as the study of time-
resolved dynamics in the SU(N) Kondo lattice and Kugel-
Khomskii models  [4,29,30] in the quantum gas regime.      
 
 
 
  
 
 
 
 
 
Fig. 1. Diagram of the interacting spin lattice. (A) 
Energy levels for the two lowest electronic states (1S0 and 
3P0) of 87Sr atoms in a magnetic field, each with ten nuclear 
spin states, depicted by colors. This color scheme is used 
throughout the paper to denote the interrogated state. (B) 
Interactions between two fermionic atoms characterized by 
four s-wave (“a”) and four p-wave (“b”) elastic scattering 
parameters. The interactions are governed by symmetries in 
motional states (bottom labels), nuclear spins (left labels), 
and electronic orbitals (white arrows). (C) (Left) Interacting 
electronic orbitals (spin-½ arrows) distributed over a lattice 
spanned by motional eigen-energies. Colored circles show 
the possibility of preparing coherent superpositions or 
statistical mixtures of N nuclear spin states. (Right) 
Illustration of a few lowest occupied eigenmodes of a 
harmonic trap.  
 
Fig. 2. Nuclear spin independence of interaction 
effects. (A) Ramsey sequence with an initial pulse of area 
q1, a final p/2 pulse, and a free evolution period ߬୤୰ୣୣ= 80 
ms. The spectator atoms remain in |݃ۧ. (B) and (C) 
Measured density shifts (in symbols) for different nuclear 
spin configurations at TR = 6-7 μK and ~ 2 μK, 
respectively. For consistency, the shifts are scaled for ࣨࣻ୲୭୲ 
= 4000. The inset illustrates the interrogated states (black 
arrows) and population distributions among various nuclear 
spin states. Solid and dotted lines show theory calculations 
for the corresponding ݔ௜ and TR as indicated in the plots. 
The gray band in (C) corresponds to ݌௘଴∗ , the excitation 
fraction for zero density shift in a polarized sample. The 
spectator atoms generate a temperature-dependent density 
shift, which is independent of ݌௘ of the interrogated atoms 
and thus manifests as a net offset from the purely polarized 
density shift.  (D) Ratio of the slope of the frequency shift 
between the spin mixed and polarized samples. The dotted 
lines represent the standard error. (E) The difference in the 
zero-shift excitation fraction between the spin mixed and 
polarized samples. The solid and dashed theory lines are 
used to determine the ܾ௘௚ି and ܽ௘௚ି scattering parameters. In 
D and E, two values of TR are used: 2.3(2) µK (open 
symbols) and 6.5(4) µK (filled symbols). In addition to 
conditions used for B and C, other spin configurations are 
studied: open up triangles (ݔࣻ ൌ 49%), open diamond 
(41%), open right triangles (46%), open and filled hexagons 
(26%), open and filled left triangles (24%), filled pentagons 
(29%),  and filled stars (12%). Error bars represent 1σ 
standard error inflated by the square root of the reduced 
chi-squared,ඥ߯୰ୣୢ୳ୡୣୢଶ . 
  
 
Fig. 3. Evolution of orbital coherence under varying 
spin configurations. (A) (Upper panel) Ramsey sequence 
with varying q1 and ߬୤୰ୣୣ; (Lower panel) sequence with an 
echo (p) pulse. The group of circles illustrates the orbital 
configurations for interrogated atoms (black circles) and 
spectator atoms (colored circles). The contrast is 
normalized by comparing the high-atom-number raw 
Ramsey fringe contrast, ࣝ (defined in the main text), 
against the low-atom-number raw contrast.  The filled 
symbols are for echo measurements and the empty symbols 
without echo. (B to E) Normalized contrasts for q1 = p/4, 
with different ݔࣻ and TR: (B and D) ݔࣻ ൌ 100%, TR = 5.4 μK and 2.6 μK, respectively; (C) ݔࣻ ൌ ሺ14 േ 2ሻ%, TR = 5.4 μK; (E) ݔࣻ ൌ ሺ56 േ 6ሻ%, TR = 5.0 μK. The solid and 
dashed lines show theory calculations with echo and 
without echo, respectively, using a two-orbital model where 
the spectators act as an effective magnetic field causing 
dephasing to the interrogated atoms. Under the conditions 
of (B to E), the dominant source for contrast decay arises 
from p-wave interactions between the interrogated atoms. 
(F) Effects of echo, characterized by the ratio of contrast 
with echo to that without echo, for qଵ ൌ p/4	(anti-diagonal 
ellipse and solid line), p/2 (horizontal ellipse and short 
dashed line), and 3p/4 (diagonal ellipse and short dotted 
line), under ݔࣻ ൌ 100%. Error bars represent 1σ standard 
error inflated by ඥ߯୰ୣୢ୳ୡୣୢଶ .    
 
 
Fig. 4. Evolution of orbital coherence with significant 
mode-changing processes. (A) Normalized Ramsey 
contrast for qଵ ൌ p/4, ݔࣻ ൌ ሺ14 േ 2ሻ%, TR = 2.1 μK: 
measurements with echo (filled symbols) and without echo 
(empty symbols); calculations with echo (solid line) and 
without echo (dashed line), respectively. (B) Normalized 
contrast for qଵ ൌ p/4, ݔࣻ ൌ ሺ56 േ 6ሻ%, TR = 1.6 μK. (C 
and D) Effects of echo, characterized by the ratio of 
contrast with echo to that without echo, using the same 
symbol scheme as that in Fig. 3F. The solid, short-dashed 
and short-dotted lines are theory calculations that account 
for the contrast decay arising from the p-wave interactions 
between interrogated atoms, as well as mode-changing 
processes facilitated by s-wave interactions. The latter is 
accounted for as a time-dependent inhomogeneous 
dephasing not removable by a single echo. The theory uses 
a single fitting parameter for the mode-changing processes 
for all plots. Error bars represent 1σ standard error inflated 
by ඥ߯୰ୣୢ୳ୡୣୢଶ . 
 
 
 
 
 
 
 
 
 
 
  
  
 
Table 1. S- and P-wave scattering lengths in Bohr radius (a0). 
S- and P-wave scattering lengths in Bohr radius (a0) 
Channel S-wave P-wave Determination 
gg 96.2(1) 74.6(4) 
[S-wave]    Two-photon photo-associative 
spectroscopy  [20] and ro-vibrational spectroscopy 
 [21] 
[P-wave]    Analytic relation between S- and P-wave 
parameters  [28] 
eg+ 169(8) -169(23) [S-wave]    Analytic relation  [28] [P-wave]    Density shift in a polarized sample  [17] 
eg- 68(22)  െ૝૛ି૛૛ା૚૙૜ 
[S-wave]    Density shift in a spin mixture at 
different temperatures (this work) 
[P-wave]    Analytic relation  [28] 
ee (elastic) 176(11) -119(18) [S-wave]    Analytic relation  [28] [P-wave]    Density shift in a polarized sample  [17] 
ee (inelastic) ࢽࢋࢋ ൌ 	૝૟ି૜૛ା૚ૢ ࢼࢋࢋ ൌ 121(13)                    Two-body loss measurement  [27]                    and analytic relation  [28] 
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  
     
  
             
    
  
 
 
   
       
  
                
    
              
               
            
            
               
                
           

    
             
     
               
           
 
            
           
              
               
               
   
               
           
               
             
               
     
              
     


   

                
       
      
         
          
                      
                
           
             
             
              
               
                
                  
               
        
             
              
             
                  
                
            
                
               

 

             
 


 
                
            




 
                   
                 
                 
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    
  

 
  


 
  
              
         
              

             
              
               
             
          
   
              
             
             
        
                
                  
               
               
             
           
        
              
     
          
 
  
               
             
             
             

               
              
     
                
             
              
                
 
   
 
              
             
  



 
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            
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                 
           
               
                    
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                
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         
                 
              
                 
  
             
              
     

   
             
           
            
             
    
         
           
            
   
              
              
                
   
               
             
  
 




  
            
            

          

     
  
        
      
     
 
    
    

  
      
      
    
  
       
       
    
   
 

         
 





 
             
                 
             
        
           
                
             
           
         
                
              
             
             
               
          

      
 

 
  
 
              
            
             
            

        
                
             
               
               
           
    
 
       
       
      
       
      
      
       
  
  
  
              
       
               
              
           

               
    
       
       
       
       
       
           
            
             
                
          
     
        
         
            
              
          
             
         

                
          
        
             
                
         
          
            
          
              
         
             
         
             
             
         
           
          
        
        
          
           
             
          
             
           
            
           

                
                 
               
          
                 
               
                    

              
            
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